Abstract Six kinds of industrial alloys, SUS316, FCH2, Invar, Permalloy, Inconel, and Nichrome, and three kinds of pure metals, Fe, Ni, and Cr, were used for substrates on which multi-walled carbon nanotubes (MWCNTs) were directly synthesized from ethylene. To activate their surfaces for the MWCNT formation, their surfaces were modified by two steps, (1) oxidation step in Ar-O 2 mixture gas and (1) following reduction step in Ar-H 2 mixture gas. It was discovered that Cr is a key component to realize the catalytic growth of MWCNTs on Fe and Ni emerged from the alloys. Using SUS316 to observe the influence of oxidation duration on MWCNT diameter, it was seen that increasing the oxidation duration resulted in the increase of the MWCNT diameter. This tendency can be explained by diffusion of Fe through Cr-rich layer, which causes the increase of catalyst particle diameters. The excess Fe diffusion through the Cr-rich layer resulted in the formation of a unique mushroom structure.
Introduction
Carbon nanotubes (CNTs) [1] are attractive materials among functional carbon materials due to their superior properties for many kinds of applications [2] [3] [4] [5] [6] , and numerous researches about fundamentals in physical and chemical characteristics have been investigated [7] [8] [9] [10] [11] [12] . Under such circumstances, variety of techniques to synthesize CNTs have been highly developed [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In early times, techniques using arc discharge [13] [14] [15] [16] and laser ablation [17] [18] [19] seemed to be common to synthesize nanotube-family materials. Lately, techniques using chemical vapor deposition (CVD) on substrate surfaces have been studied intensively [20] [21] [22] [23] [24] [25] [26] [27] [28] so that controllability of the product structure, purity, and yield have been significantly improved.
When the CVD method is applied to synthesize CNTs on solid surfaces, catalyst loading process is first necessary in many conventional cases [20, 21] . Nevertheless, CNTs could be synthesized by CVD directly on stainless steel surface without this delicate catalyst-loading step by employing a simple surface treatment using an oxidation followed by a reduction. This method can be considered to be superior in terms of simplicity and ability to produce CNTs on surfaces of complicated-shapes [24] [25] [26] .
For example, CNTs were synthesized on inner surfaces of porous stainless steel block [26] or on fine stainless steel meshes [25] using this method, despite that catalyst loading on such complicated surfaces by conventional processes can hardly be carried out. One may speculate that not only stainless steel surface but also the surfaces of other kinds of alloys can be activated to synthesize MWCNTs by the same manner. When various alloys are used, new MWCNT-metal composite materials having superior properties for some applications would be created because physical properties of alloys should uniquely vary with their components [29] .
To develop such MWCNT-metal composite materials, one must know fundamental key factors in synthesis of MWCNTs on alloy surfaces. In the present study, six kinds of alloys used for various fields of industries and three kinds of pure metals were used as substrates to explore a key factor to realize the MWCNT growth on various kinds of alloys. Furthermore, durations of oxidation step and reduction step were varied to observe their effects. This observation also could help ones to consider important factor to control the product structures.
Experimental
Plates (thickness = 0.5 mm) of six kinds of industrial alloys, stainless steel SUS316, Japanese Industrial standards FCH2, Invar®, Permalloy®, Inconel®, and Nichrome® were purchased from Niraco Co. to use as the substrates to synthesize MWCNTs on their surfaces. SUS316 and Inconel are known as materials which are stable against corrosion. FCH2 and Nichrome are designed to be used for resistance wire for heating devices. Invar has uniquely low coefficient of thermal expansion. Permalloy is a non-oriented alloy having high core gain requirements of magnetic preamplifiers and modulators.
In addition, three kinds of pure metals, Fe, Ni, and Cr, which are main components of these alloys, were use as substrates. These plates were cut to make square plates of 1 cm side. The surfaces were cleaned by ethanol without any chemical treatment.
The surface treatment on these plates were performed by two steps, oxidation and reduction steps. [25, 26] In first step, the plates were heated to 800 o C in Ar-O 2 gas mixture (Ar flow rate = 400 cc min -1 , O 2 flow rate = 100 cc min -1 ) in a quartz tube placed in a electric furnace. The duration of this step was varied from 10 min to 2 h. In the second step, the gas components were switched to Ar-H 2 mixture (Ar flow rate = 120 cc min -1 , H 2 flow rate = 360 cc min -1 ) and the temperature was increased to 820 o C so that the oxidized surfaces of the plates were reduced. The duration of the reduction step was varied from 0 to 2 h. After this reduction step, ethylene (C 2 H 4 ) was admixed to this gas mixture (C 2 H 4 flow rate = 35 cm 3 min -1 , Ar flow rate = 120 cc min -1 , H 2 flow rate = 360 cc min -1 ) keeping this temperature to grow MWCNTs for 1 h. After cooling down to room temperature with purging gas (Ar), the plates were collected for analyses.
A scanning electron microscope (SEM) (JEOL, JSM-6701F) and a transmission electron microscope (TEM) (JEOL, JEM-2010) were used for microscopic analyses on the products. An energy dispersive X-ray (EDX) (Technex, Tiny-EDXS(LE)) was used to measure the atomic ratio of the components in the alloys. X-ray photoelectron spectroscopy (XPS) (Shimadzu Co., ESCA-3400) was used to observe the component distribution in depth direction on SUS316 surface to observe the influence of oxidation treatment. The crystalline perfection of MWCNTs were evaluated by a Raman spectroscopy (Raman Systems, R-3000).
Results and discussion

Key role of Cr in alloy surfaces for MWCNT growth
Components in the pristine alloy plates used in the present study were analyzed by EDX as shown in Fig. 1 . As seen in this figure, four kinds of alloys, FCH2, SUS316, Inconel, and Nichrome, included similar percentages of Cr. Unlike these alloys, Invar and Permalloy did not contain significant amount of Cr. A trace of impurities were detected by EDX in the plates of Ni and Cr, but Fe seemed to be high purity.
The morphologies of the substrate surfaces were analyzed at the three stages, (1) after reduction step, (2) after oxidation step and (3) Ni have catalytic effect to dissolve carbon from organic gases to re-precipitate into tubular structures [30] . It should be noted that MWCNTs can not be formed unless Fe and Ni are discrete into nanoparticles. However, the reduction of the surfaces of the plate of pure Fe or Ni should lead to the formation of large grain of Fe or Ni, which can dissolve carbon from C 2 H 4 but did not form MWCNTs.
The present result also suggests that Cr does not have catalytic ability to dissolve carbon from C 2 H 4 even when the surface modification was performed by the oxidation-reduction steps.
Also the microscopic images of the surfaces of Invar and Permalloy are shown in Fig. 2 synthesized on all of these alloys. One can see the morpholoy change of their surface after the oxidation step, in which the roughness on their surfaces seems to be much finer compared with the cases in Fig. 2 . The roughness on their surfaces after reduction step also seems to be finer than on the surfaces in Fig. 2 .
The results shown in Figs. 2 and 3 can suggest that Cr must have a key role to realize the direct growth of MWCNTs on the alloy surfaces. Because the catalyst to grow MWCNTs in any CVD process need to be discrete into nano-size particles, Cr should have a role to stably support the Fe and Ni nanoparticles in discrete forms.
The Raman spectra were obtained from MWCNTs produced on the surface of above alloys on which MWCNTs were synthesized. Fig. 4 shows the relative intensities of peaks corresponding to the disorder structures and graphite structures, respectively at about 1350 cm -1 (D-peak) and 1600 cm -1 (G-peak). In many cases reported, the ratio of the intensities of D-peak to that of G-peak (D/G ratio) are compared, by which the crystalline perfection can be considered low when D/G ratio is high. In the spectra in Fig. 4 , the intensity of D peak is comparative to that of G peak with variation of D/G ratio within 0.8-1.2. There is no relation of the main components (Fe or Ni) to D/G, and also the influence of the concentration of Cr is not seen.
Contribution of Cr layer to support catalytic Fe nanoparticles to determine MWCNT structures
The influence of oxidation duration on the structure of MWCNTs was investigated by SEM observation. In this observation, the temperatures for oxidation step, reduction step, and CVD were 800, 700, and 700 o C, respectively. The thickness of the MWCNT film seem to be independent of the oxidation duration, showing that the MWCNT film thickness was approximately 20 nm as shown in Fig. 5a . Nevertheless, their diameter was dependent on the oxidation duration obviously, as plotted in When SUS316 surface was entirely covered with oxidized Fe by 2 h duration of oxidation step, an unique mushroom structure was produced as shown in Fig. 5b and 5c . It can be seen that amorphous carbons were lift up by MWCNT bundles, forming this mushroom-like structure. The formation mechanism of the mushroom structure can be explained by considering the effects of the Fe diffusion as depicted in Fig. 8 . When the concentration of Fe becomes excessively high at the SUS316 surface by the Fe diffusion through the Cr-rich layer as mentioned above, this outermost surface is entirely covered with Fe film, and this Fe layer will produce amorphous carbon. When the amorphous carbon with this Fe-rich layer is peeled off, MWCNTs are produced with catalytic growth on Fe nanoparticles on Cr-rich layer remaining in deeper locations in SUS316 substrate. By this mechanism, the mushroom structure can be formed. The application of this mushroom structure should be investigated in future. At this stage, we consider that this structure might be useful for magnetic sensor due to the combination of large surface area of MWCNTs and magnetic property of the Fe-rich layer supported by the MWCNT stems.
Also the duration of reduction step was varied to observe its influence on MWCNT growth at the surface of SUS316. As well as in the observation on the influence of the oxidation duration, the temperatures for the steps of the oxidation, the reduction, and the CVD were 800, 700, and 700 o C, respectively. Two examples of SEM images of the MWCNTs synthesized under such conditions are shown in Fig. 9 . In these images, aligned MWCNTs grown in perpendicular to the substrate surface can be observed. In this figure, the thickness of the MWCNT film formed thereon by 120 min of reduction step turned to be significantly larger than by 3 min. The average thickness of the MWCNT film was measured by SEM observation, and the results were summarized by plotting in Fig. 10a . It was observed that, unlike the influence of the oxidation duration, the diameter of MWCNTs was not affected by the reduction duration as shown in Fig. 10b . Raman spectra were obtained to observe the influence of reduction duration, but no significant influence of the reduction duration was observed. Thus, the reduction duration affected only the thickness of MWCNT film. From this result, the layer of oxidized Cr is considered to inhibit the diffusion of Fe in reductive environment with H 2 , and the size of the Fe nanoparticles supported on Cr-rich layer may not change during the reduction step.
Conclusions
MWCNTs were directly synthesized on the surface of the plates of six kinds of industrial alloys, SUS316, JIS-FCH2, Invar, Permalloy, Inconel, and Nichrome, and three kinds of pure metals, Fe, Ni, and Cr by a simple reduction-oxidation method from ethylene as the carbon source. From the comparison among the substrates used for the experiments, Cr is considered to be a key component to realize the catalytic growth of MWCNTs. Using SUS316, the influence of the durations of the oxidation step and the reduction step on the product structures was investigated. The diameter of MWCNTs can be affected by oxidation duration, and the thickness of the MWCNT film was affected by the reduction duration. The XPS analysis suggested that diffusion of Fe through Cr-rich layer toward the outermost surface in the oxidation step should lead to increase of the diameter of MWCNTs, and excess Fe covering the Cr-rich surface generated by excess oxidation duration resulted in the formation of a unique mushroom structure. The Cr-rich layer should be stable against this Fe diffusion in the reduction step so that the diameter of resulted MWCNTs was independent of the reduction duration. Fig. 2 . SEM images of the surfaces of substrates after three steps (oxidation step, reduction step, and CVD step) on which MWCNTs were not formed by synthesis conditions in the present study. Fig. 3 . SEM images of the surfaces of substrates after three steps (oxidation step, reduction step, and CVD step) on which MWCNTs were successfully formed by synthesis conditions in the present study. Oxidation duration was constant at 60 min. Fig. 3 . SEM images of the surfaces of substrates after three steps (oxidation step, reduction step, and CVD step) on which MWCNTs were successfully formed by synthesis conditions in the present study. Oxidation duration was constant at 60 min.
